Microwave-Induced Structural and Functional Injury of Hippocampal and PC12 Cells Is Accompanied by Abnormal Changes in the NMDAR-PSD95-CaMKII Pathway

Introduction
Microwave radiation is a type of nonionizing electromagnetic radiation with a frequency that ranges from 300 to 3 × 10 5 MHz. Research into the effects of microwave radiation on health has grown exponentially in line with its increased use in industry, commerce, medicine and for private purposes, especially for mobile telephone usage. Numerous in vivo and in vitro studies have been performed to investigate the biological consequences of microwave radiation on the nervous system and to assess its potential health risks [1] [2] [3] . It has been shown that microwaves alter cognitive function and induce neuronal injury, but little is known about how microwave radiation induces these impairments.
Recent studies on the molecular and cellular basis of synaptic maturation and plasticity brought us closer than ever to understand the mechanisms of cognitive function. The identification of regulatory mechanisms of glutamate (Glu) receptor trafficking is crucial to demonstrate these synaptic changes. These processes commonly activate calcium-permeable postsynaptic Nmethyl-D -aspartate receptors (NMDARs), i.e. heteromeric complexes that incorporate different subunits within a repertoire of three subtypes: NR1, NR2 (NR2A-D) and NR3 (NR3A and NR3B) [4] [5] [6] . Upon stimulation, different patterns of NMDAR activation can lead to long-term potentiation (LTP) or long-term depression (LTD) of synaptic strength via selectively binding of signaling scaffold postsynaptic density proteins, such as PSD95 [7] , and activation of calcium-activated enzymes, such as calcium/calmodulin-dependent protein kinase II (CaMKII) [8] [9] [10] [11] [12] , to sustain the molecular organization of postsynaptic density and initiate the biochemical cascade that potentiates synaptic transmission [13, 14] . Thus, disruptions in this NMDAR-PSD95-CaMKII pathway can lead to loss of synaptic function and other severe neuropathological conditions.
In the present study, we demonstrate that abnormalities in the NMDAR-PSD95-CaMKII pathway upon exposure of PC12 cells and rats to microwave radiation were correlated to abnormal changes in the ultrastructure and synaptic transmission. We also determined the expression and phosphorylation of synapsin I, which could serve as a link between synaptic transmission and the NMDAR-PSD95-CaMKII pathway in PC12 cells. These findings may help to elucidate both the mechanisms of synaptic maturation and plasticity, and microwave-induced neuron injury.
Materials and Methods
Ethics Statement
All animal work was conducted according to relevant national and international guidelines. The study was approved by the Beijing Institute of Radiation Medicine Animal Care and Use Committee. It was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Cell Culture PC12 cells were cultured at 37 ° C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum, 10% horse serum and 100 U/ml penicillin and streptomycin. Cells were plated in 6-well tissue culture plates coated with poly-D -lysine at a density of 2-5 × 10 4 cells/cm 2 . Nerve growth factor containing medium (2.5 s at 50 ng/ml; Chemicon, Temecula, Calif., USA) was added to the cultures on the 2nd day of plating. Cells were treated with nerve growth factor for 5-7 days prior to the experiment, and media were changed twice weekly.
Experimental Groups and Microwave Exposure Procedure
Sixty male Wistar rats weighing 160-200 g were housed at a constant temperature (22 ± 1 ° C) and relative humidity (60%) under a regular dark-light schedule (lights on from 7 a.m. to 7 p.m.). The rats in the exposure group (comprising 30 rats) were placed in individual polypropylene cages where they received microwave exposure for 5 min; the mean power density was 10 mW/cm 2 . As described previously [15] , the microwave source, a klystron amplifier model JD 2000 (Vacuum Electronics Research Institute), was capable of generating pulsed microwaves at a frequency of 2.856 GHz. Microwave energy was transmitted by rectangular waveguide and A16-dB standard-gain horn antenna to an electromagnetic shield chamber (7 × 6.5 × 4 m). Sham-treated controls (comprising the remaining 30 rats) were also placed in polypropylene cages for 5 min, but did not receive microwave exposure. The rectal temperature of all rats was measured before and after microwave exposure.
PC12 cells were placed in 6-well tissue culture plates. The cells from the exposed group received microwave radiation for 5 min with a mean power density of 30 mW/cm 2 . The cells from the sham-treated control group were subjected to the same conditions, but the microwave generators were not energized. The supernatant temperature was measured before and after microwave radiation using an optic fiber thermometer 3300 (Luxtron Corp., Santa Clara, Calif., USA).
Ultrastructure and Quantitative Assessments
Animals were anesthetized with sodium pentobarbital (50 mg/ kg i.p.) and decapitated 6 h and 1, 7, 14 and 28 days after microwave exposure. The brains of the rats were quickly removed and the hippocampus was isolated. Tissue (1 mm 3 in size) was taken from the CA3 region of the hippocampus of rats 6 h and 7 days following radiation. PC12 cells (1-5 × 10 6 ) were harvested by scraping and subjected to centrifugation at 120 g for 10 min 6 h after radiation, and then immediately fixed in 3% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer for 2 h. The fractions were rinsed, postfixed with 1% OsO 4 , dehydrated and then embedded in paraffin. Routine mounting and uranyl/lead staining were performed for electron microscopy (EM; Philip-CM120; Philips, Amsterdam, the Netherlands). Each specimen was observed on two copper grids that slowly shifted to the lower right, during which 10 micrographs at a magnification of ×280,000 were taken. The length of the active zone, thickness of postsynaptic density and the curvature of synapses in the scanned images were measured using a CMIAS-II image analyzer (Beijing University of Aeronautics and Astronautics, Beijing, China).
Amino Acid Content and Release
Six hours, 1 and 7 days after microwave exposure, tissue samples from the CA3 region of rat hippocampi were isolated and homogenized (1: 100) in ice-cold 10% sulfonic salicylate. The homogenates were centrifuged at 27,000 g for 20 min at 4 ° C. The pellets were discarded and the supernatants were stored at -20 ° C. Six hours after microwave exposure, PC12 cells were incubated in DMEM with 2 M KHCO 3 for 2 min, then the culture medium was collected and centrifuged at 120 g for 10 min. The supernatants were centrifuged at 3,000 g for 15 min after addition of 10% sulfonic salicylate (3: 2). The supernatants were also stored at -20 ° C. The samples of the hippocampal supernatants and PC12 cells were subjected to high-performance liquid chromatography, respec-tively (Hp1050 pump, Hp1046A fluorometric detector; Hewlett Packard, Palo Alto, Calif., USA), and the contents and release of amino acids were determined.
Immunohistochemistry
To dually localize NMDARs and PSD95 within cell types and subcellular areas, the other halves of the brains were fixed, dehydrated, cleared, infiltrated and embedded in wax 6 h, and 1, 7, 14 and 28 days after microwave exposure. Paraffin-embedded brains were cut into 5-μm coronal sections and processed immunohistochemically by dewaxing and dehydrating. PC12 cells growing on poly-Dlysine-coated glass coverslips in 6-well tissue culture plates were subjected to the experiments, and they were tested 6 h after microwave exposure or no exposure (controls). Sections or coverslips were washed in 0. For the hippocampus, immunostaining was visualized with diaminobenzidine using the peroxidase substrate kit (Zhongshan Jinqiao Biotechnology). Sections were then examined with a photomicroscope or laser scanning confocal microscope (Radiance 2100 TM ; BioRad, Hercules, Calif., USA). For double-label experiments, scans at different wavelengths were digitally merged. The integral optical density (IOD) or integrated density value (IDV) of images was measured using a CMIAS-II image analyzer.
Immunoblotting and Co-Immunoprecipitation Assays
Six hours after exposure, PC12 cells were transferred to ice-cold buffer containing 20 m M EDTA, 0.1 m M sodium orthovanadate, 20 μg/ml aprotinin, 10 μg/ml leupeptin and 0.1 mg/ml phenylmethylsulfonyl fluoride. Protein concentrations were determined using the BCA protein assay (Pierce, Rockford, Ill., USA). Homogenates were mixed at a ratio of 3: 2 with sample buffer containing 4% SDS, 250 m M Tris, 3 m M EDTA, 20% glycerol, 5% β-mercaptoethanol and 0.05% bromophenol blue (pH 8.0) at 95 ° C for 10 min. For each condition, 25 μg of protein were loaded into each well on 10% SDS-polyacrylamide gel. After separation by electrophoresis, protein samples were electrotransferred onto a nitrocellulose membrane in transfer buffer (25 m M Tris/192 m M glycine (Gly)/0.02% SDS/20% methanol) for 180 min at a constant current (26 mA). Additional protein binding sites on the nitrocellulose membrane were saturated by incubation in 10 m M PBS with 0.1% Tween-20 (PBST, pH 7.4) containing 10% dry milk powder for 1 h at room temperature. After a short wash with PBST, blots were incubated with antiserum to either NR2B (1: 500, polyclonal rabbit IgG; Santa Cruz), PSD95 (1: 500, monoclonal mouse IgG; Sigma), p-CaMKII (1: 500, polyclonal goat IgG, Santa Cruz), synapsin I (1: 500, polyclonal goat Ig; Santa Cruz) or p-synapsin I (Ser 62/67 , Ser 553 ; 1: 500, polyclonal rabbit IgG; Santa Cruz) overnight at 4 ° C. After rinsing three times with PBST, membranes were incubated with an anti-rabbit or anti-mouse HRP-conjugated secondary antibody (1: 2,000, Zhongshanjinqiao) and HRPconjugated monoclonal mouse IgG specific for GAPDH (1: 10,000; Nanjingjiancheng) for 1 h at room temperature. Bands were developed on autoradiographic film using an enhanced chemiluminescence kit (Pierce). The film signals were scanned using a highresolution scanner, and the IOD of the scanned images was measured using a CMIAS-II image analyzer.
Three hundred micrograms of protein were diluted in 250 μl of buffer containing 20 m M EDTA, 0.1 m M sodium orthovanadate, 20 μg/ml aprotinin, 10 μg/ml leupeptin and 0.1 mg/ml phenylmethylsulfonyl fluoride. After incubating the solubilized homogenates with a phosphotyrosine (Invitrogen), PSD95 antibody conjugated to protein A-agarose (Santa Cruz) overnight at 4 ° C, they were centrifuged at 2,000 g for 5 min at 4 ° C. The supernatants were discarded, and the pellets were washed with buffer (500 m M NaCl, 10 m M Tris and 2 m M EDTA, pH 7.5) four times and then centrifuged. The pellets were mixed at a 1: 1 ratio with 20 μl of the above buffer and 20 μl of sample buffer containing 4% SDS, 250 m M Tris, 3 m M EDTA, 20% glycerol, 5% β-mercaptoethanol and 0.05% bromophenol blue (pH 8.0), followed by heating at 100 ° C for 5 min. After cooling the sample, it was centrifuged at 3,000 g for 10 min at 4 ° C, and the supernatants were analyzed by SDS-PAGE. Proteins were resolved by 10% SDS-PAGE and electrotransferred to 0.2-mm-thick nitrocellulose sheets for immunoblot analysis using NR2B or p-CaMKII antibodies.
Reverse Transcription Polymerase Chain Reaction
To determine NR2B and PSD95 mRNA levels, total RNA of PC12 cells was isolated using a Qiagen RNeasy Mini Kit (Qiagen, Valencia, Calif., USA) and quantified using a spectrophotometer (GeneQuant pro; Amersham, Piscataway, N.J., USA) 6 h after microwave exposure or no exposure (controls). The Qiagen RT reagent kit (Qiagen) with random hexamer primers was used to reverse-transcribe 500 ng of total RNA to cDNA. Primers (Aoke, Beijing, China) were mixed with 2× Master mix (Qiagen); then 0.5 μl cDNA were added to a 20-μl total volume. Polymerase chain reaction (PCR) was performed as follows: 95 ° C for 5 min, followed by 35 denaturing cycles at 94 ° C for 30 s, annealing at 56 ° C for 45 s, and extension cycles at 72 ° C for 45 s, then a final extension cycle at 72 ° C for 5 min. Reaction specificity was confirmed by gel electrophoresis of RT-PCR products in order to identify bands of expected amplicon size: 274 bp for NR2B, 284 bp for PSD95 and 512 bp for β-actin. The sequences used were as follows: NR2B, 5 ′ -AGA GCT CCT TTG CCA ACA AGT-3 ′ (forward) and 5 ′ -ATG TCC TTC TGG AAA CGA CCT-3 ′ (reverse); PSD95 5 ′ -AAG GAC ATC CAG GCA CAC AAG-3 ′ (forward) and 5 ′ -ACG ATG GCT GAG AAG CAC TCT-3 ′ (reverse), and β-actin 5 ′ -CTG TGC CCA TCT ATG AGG GTT AC-3 ′ (forward) and 5 ′ -AAT CCA CAC AGA GTA CTT GCG CT-3 ′ (reverse). The PCR results were obtained using a gel imaging analysis system (FluorChem FC2; Alpha Innotech, San Leandro, Calif., USA), and the IOD of scanned images was measured using a CMIAS-II image analyzer. . After the addition of Nonidet P-40 at a final concentration of 0.5%, the homogenates were centrifuged at 27,000 g for 5 min to pellet a nucleus-containing fraction. The pellets were suspended in 50 m M Tris-HCl (pH 7.5) containing 20% glycerol, 10% sucrose, 420 m M KCl, 5 m M MgCl 2 , 0.1 m M EDTA, 0.2 m M EGTA and the above-mentioned phosphatase and protease inhibitors, and kept on ice for 30 min. The suspensions were then centrifuged at 27,000 g for 5 min, and the supernatant nuclear extracts were stored at -80 ° C until assayed.
Electrophoretic Mobility Shift Assay
Oligonucleotides containing the cyclic AMP response element binding protein (CREB) binding sequence, 5 ′ -AGA GAT TGC CTG ACG TCA GAG AGC TAG-3 ′ , and its complementary sequence, were annealed as a probe for the electrophoretic mobility shift assay (EMSA, Pierce). The probe was labeled with biotin (Invitrogen). A 6% polyacrylamide gel in 0.5× TBE (Tris, boric acid and EDTA) was prepared and pre-electrophoresed for 30 min (100 V). Then, 20 μl of each sample were loaded onto the polyacrylamide gel and electrophoresed for about 60 min (100 V). After separation by electrophoresis, samples were electrotransferred onto nylon membrane in a transfer buffer (0.5× TBE) for 60 min at a constant current (380 mA). When the transfer was completed, the membrane was cross-linked at a commercial UV light crosslinking instrument for 30 min. The membrane was treated with 66.7 μl stabilized streptavidin-horseradish peroxidase conjugate for 15 min and incubated in 30 ml of substrate equilibration buffer for 5 min with gentle shaking. Bands were developed on autoradiographic film by chemiluminescence using an ECL kit and exposed to an appropriately equipped CCD camera for 2-5 min.
Statistical Analysis
Results are expressed as means ± SEM, and differences were analyzed with one-way ANOVA using SPSS (version 11.1). Differences at the p < 0.05 level were considered significant.
Results
Hippocampal Neuronal Ultrastructure Was Damaged and Amino Acid Contents Were Decreased in Rats following Microwave Radiation Treatment
The effects of microwave radiation on the hippocampal ultrastructure were examined using EM and quantitatively analyzed 6 h and 7 days after microwave exposure (10 mW/cm 2 ). Compared with the sham-treated controls ( fig. 1 a) , the radiation-treated rat hippocampal neurons showed cytoplasmic relaxation, mitochondrial swelling and ridge rupture, even cavitation, rough endoplasmic reticulum degranulation and swelling, broadening of the nuclear membrane gap, and concentration and margination of the chromatin 6 h after radiation ( fig. 1 b) . Microwave exposure (10 mW/cm 2 ) also induced abnormal synaptic structures and plasticity, such as deposits or evacuation of synapse vesicles, elongation of the active zone (p < 0.01), broadening of the synaptic cleft (p < 0.05), increased PSD thickness (p < 0.01) and synapse perforation ( fig. 1 d) at this time point. Semi-quantified data are shown in figure 1 e, f. After 7 days, deposits of synapse vesicles and widening of the perivascular space were aggravated, but the degree of injury to the hippocampal neurons was alleviated (data not shown). Thus, microwave radiation-induced hippocampus damage mostly affected the synaptic structure and plasticity.
Next, we assessed the amino acid contents to estimate synaptic maintenance and remodeling 6 h, and 1 or 7 days after radiation. The contents of asparagine (Asp) and Gly were decreased (Asp: p < 0.05; Gly: p < 0.01) in the hippocampus 6 h after microwave exposure, but returned to normal 1 and 7 days after radiation ( fig. 1 g) . The decrease in Glu was significant 6 h, and 1 and 7 days after radiation (p < 0.01), while no significant changes in GABA were observed. Amino acid metabolism was disturbed following microwave radiation. These results suggested that the decrease in hippocampal content of Glu, the main excitatory amino acid in the brain, might play an important role in the neuronal injury induced by microwave radiation (10 mW/cm 2 ).
PC12 Ultrastructure Was Damaged and Amino Acid Release Was Decreased following Microwave Radiation
The ultrastructure of PC12 cells and the release of amino acids were assessed 6 h after microwave exposure (30 Fig. 1 . Effects of 10 mW/cm 2 microwaves on the hippocampal ultrastructure and amino acid contents of rats. a Representative image of normal neuronal structure with uniformly distributed nuclear chromatin, mitochondria, rough-surfaced endoplasmic reticulum, ribosome-rich cytoplasm and myelin sheath-like concentric circles. Scale bar = 1 μm. b Representative image of abnormal neuronal ultrastructure 6 h after microwave exposure, with mitochondrial swelling and ridge rupture, even cavitation, rough endoplasmic reticulum degranulation and swelling, broadening of the nuclear membrane gap in neurons, concentration and margination of chromatin, and a decrease in organelles in neuroglia. Scale bar = 500 nm. fig. 2 a) , exposed PC12 cells had abnormal nuclear shapes, broadening of the nuclear membrane gap, concentration and margination of the chromatin, mitochondrial swelling and cavitation, and rough endoplasmic reticulum degranulation and swelling ( fig. 2 b, c) . The release of GABA and Gly was significantly decreased (p < 0.01) in PC12 cells 6 h after radiation ( fig. 2 e) , while Asp and Glu levels were not changed ( fig. 2 d) . The structure was impaired and amino acid secretion was inhibited in PC12 cells following microwave radiation treatment with 30 mW/cm 2 .
Abnormal Expression of NMDAR-PSD95-CaMKII Signal Transduction Molecules following Microwave Radiation
The expression levels of NMDARs and PSD95 in rat hippocampal neurons were detected by immunochemistry 6 h, and 1, 7, 14 and 28 days following microwave exposure (10 mW/cm 2 ). In the sham-treated group, NR1, NR2A, NR2B and PSD95 were weakly expressed in the cytoplasm of hippocampal neurons ( fig. 3 a, c, e, g ). Expression of NR1 was increased 6 h to 14 days following exposure, while that of NR2A increased after 1-14 days, NR2B increased from 6 h to 7 days, and PSD95 increased after 1-7 days ( fig. 3 b, d, f, h ). Semi-quantitative analysis showed that NR1, NR2A, NR2B and PSD95 protein expression peaked 1 day following exposure and remained significantly increased for at least 7 days ( fig. 3 i-l, respectively). These results suggested that the NMDAR-PSD95-CaMKII pathway was activated in the hippocampus after microwave radiation.
Next, we examined the changes in the NR2B-PSD95-CaMKII pathway in radiation-exposed PC12 cells. We first determined mRNA levels of the structural proteins, NR2B and PSD95, 3, 6 and 9 h, and 1 and 2 days after microwave exposure. RT-PCR analysis demonstrated that NR2B mRNA was increased after 6 and 24 h, PSD95 mRNA was decreased after 6 h, and then increased from 9 h to 2 days (p < 0.05 and p < 0.01, respectively; fig. 4 ) following microwave radiation. The expression levels of NR2B, PSD95 and p-CaMKII, the co-localization of NR2B and PSD95, PSD95 and p-CaMKII in PC12 cells were detected by immunofluorescence and immunoblots 6 h after microwave exposure. In the sham-treated group, NR2B, PSD95 and p-CaMKII were positively expressed in the cytoplasm of PC12 cells. The expression levels of NR2B, PSD95 and p-CaMKII, and co-localization of NR2B and PSD95, PSD95 and p-CaMKII, all decreased following exposure ( fig. 5 ). These results showed that the expression of NR2B, PSD95 and p-CaMKII were inhibited, as were interactions between NR2B and PSD95, and Then the activity of CREB, which was one of the downstream transcription factors of the NMDAR-PSD95-CaMKII pathway, was detected by DNA binding mobility shift assays in PC12 cells 6 and 24 h after microwave radiation. The active transcription factor can form a combined band with free probes. In the sham-treated group, the CREB-combined band was found. However, the band was reduced 1 day after exposure ( fig. 6 ). This could result in decreased binding activity of CREB with DNA following microwave radiation (30 mW/cm 2 ).
Abnormal Expression and Phosphorylation of Synapsin I in PC12 Cells following Microwave Radiation
The expression and phosphorylation of synapsin I, which may be a liner between synaptic transmission and the NMDAR-PSD95-CaMKII pathway in PC12 cells, were detected by immunofluorescence and immunoblotting 6 h after microwave exposure (30 mW/cm 2 ). In the sham-treated group, synapsin I and p-synapsin I (Ser 62/67 and Ser 553 ) were positively expressed in the cytoplasm of PC12 cells. Expression levels of synapsin I and p-synapsin I (Ser 553 ) were decreased (p < 0.01), and expression of psynapsin I (Ser 62/67 ) was increased (p < 0.01; fig. 7 ) after microwave exposure. These results showed that the expression of synapsin I was inhibited, and the phosphorylation of synapsin I was altered at different sites following microwave radiation (30 mW/cm 2 ) depending on the different upstream kinases.
Discussion
Microwave Radiation May Induce Abnormal Synaptic Transmission in Hippocampal and PC12 Cells
Studies have shown that exposure to microwaves could result in injury to the brain structure, although studies have focused mainly on thermal effects. For example, immediately after and 2 h following 2.4 GHz, specific absorption rate (SAR) 5 W/g radiation, certain disorders have been revealed in the microcirculation and reactive changes can occur in the mitochondria in perikaryons, axons, dendrites, neuronal synapses and gliocytes. In synapses, together with mitochondrial lesions, synaptic complexes underwent destruction and osmiophilic substance accumulated in the subsynaptic zone along the whole length of the contact [16] [17] [18] . They suggest that this is associated with the immediate heat effect of microwave radiation on the structures responsible for synaptic transmission, and with a rapidly developing tissue hypoxia as a consequence of microcirculatory disturbances and a sharp inhibition of the energetic metabolism [19] . In our previous experiment [20] in the hippocampus, we found tissue edema, osteoporosis, different degrees of degeneration and neuronal necrosis, vascular congestion and hemorrhage, and an enlarged perivascular space during the 6 months after 2.5, 5 and 10 mW/cm 2 long-term exposure to microwave radiation. The mitochondria were swollen and malformed, with crista breaks and cavitation. There was no elevation in the temperature of rats. The numbers of Nissl granules were decreased to different extents in the exposure groups and were the most serious in the group exposed to 10 mW/cm 2 radiation. In this study, hippocampal neurons and PC12 cells were injured, including lesions in mitochondria, rough endoplasmic reticulum and nuclei, following microwave radiation. We, therefore, established an injury animal model and a cell model for microwave radiation with appropriate radiation dosages.
Quantitative analyses of synapses are rarely reported. We found deposits in synaptic vesicles, which suggested that the release of some neurotransmitters may have been disordered as a result of the obstruction of synaptic vesicles docking with the active zone [21] . We also found elongation of the active zone, increased PSD thickness and curvature, and perforation of the synapses. These changes may be involved in postsynaptic adaptive changes made to alleviate the presynaptic injury. In addition, synaptic injury was more serious than that of other organelles following microwave radiation, which indicated that synapses were sensitive to microwave radiation.
Neurotransmitters as messengers are principally released via Ca 2+ -dependent synaptic vesicle exocytosis, which is an important focus of research in the bioeffects of microwave radiation. Amino acid neurotransmitters play an important role in synaptic transmission, learning and memory; however, there is limited research regarding the effects of microwave radiation on amino acids. In our previous experiment [20] , we found a significant increase in four kinds of amino acid neurotransmitter contents in the hippocampus 6 h, 14 days and 2 months following exposure to 2.5 and 5 mW/cm 2 long-term microwave radiation. GABA contents were decreased after 6 h, and Asp and Glu contents were decreased after 14 days and 2 months in the group exposed to 10 mW/cm 2 radiation. In our study, the contents of Asp, Glu and Gly in the hippocampus, and the release of GABA and Gly in PC12 cells, were all decreased following microwave radiation. The decrease in the contents of Glu, a main excitatory amino acid, may indicate that the excitability of hippocampal neurons decreased and that microwaves inhibited this activity. The decrease in GABA and Gly release could arise from the disruption of synaptic vesicles in terms of their docking and fusion with presynaptic membranes, which is in accordance with the injuries of the synaptic structure in the hippocampus.
Abnormality of the NMDAR-PSD95-CaMKII Pathway May Contribute to Synaptic Transmission Impediment following Microwave Radiation
NMDARs are multiheteromers composed of NR1 and NR2 subunits encoded by different genes. NR1 is the functional subunit and the essential component of NMDARs. The NR2 subunit mainly plays a regulatory role and is necessary for the time-and space-regulatory expression of NMDARs [22] [23] [24] . The NR2B subunit has been implicated as a principal player in the induction of some forms of LTP, mediating feeding and related physiological functions, learning, memory, pain and synaptic plasticity [25, 26] . Some studies have suggested that the complex of NR2B with PSD95 is implicated in the regulation of synaptogenesis, synaptic plasticity and the processes of learning and memory [27] [28] [29] .
In general, NMDARs initially combine with a Glu neurotransmitter, which is released from the presynaptic membrane and opens the NMDAR channels. A large amount of Ca 2+ flows into the synaptic cleft, which activates the phosphorylation of calcium/CaMK and some related proteins in the postsynaptic membrane. As the concentration of Ca 2+ in the postsynaptic membrane increases, it activates nitric oxide (NO) synthase in the cytoplasm. The secondary messenger, NO, is generated by NO synthase in the metabolic progress. NO enters the presynaptic membrane, which causes the phosphorylation of protein, the influx of Ca 2+ and the glycosylation of protein kinase C. It then activates the expression of some early immediate genes (c-fos and c-jun) and transcription factors (CREB). The transcription factors change the expression of nuclear genes, including the subunit gene of NMDARs, and ultimately cause the synthesis of different proteins [30] [31] [32] .
Experimental data have shown that microwave radiation may induce dysfunction in learning and memory, but little is known about the mechanisms involved. Xu et al. [33] found that GSM 1,800-MHz microwave exposure (SAR of 2.4 W/kg, 15 min per day for 8 days) resulted in a decrease in the expression of PSD95 and the amplitude of α-amino-3-hydroxy-5-methyl-4-soxazole propionic acid (AMPA) miniature excitatory postsynaptic currents (mEPSCs). However, the frequency of AMPA mEPSCs and the amplitude of NMDA mEPSCs did not change in the cultured hippocampal neurons, which may reduce excitatory synaptic activity and the number of excitatory synapses in cultured rat hippocampal neurons. Liboff et al. [34] reported that in 21-day-old rats an extremely low frequency electromagnetic field exposure for 90 days was associated with increases in the concentration of Ca 2+ , protein kinase C and cAMP-dependent proteinase activities and calcineurin levels in neurons of the hippocampal zone. Using a ligand binding experiment, the authors found that the binding capability of NMDARs declined and suggested that the electromagnetic field may alter the abnormality of NMDAR function by changing the signal transduction process of Ca 2+ .
PSD95 is the most abundant scaffolding protein in PSDs and potentially binds many key constituent PSD proteins, such as NMDARs and AMPA receptor complexes, via adhesion molecules and other scaffolding proteins [35] [36] [37] [38] . Consistent with its organizing role, PSD95 is one of the most stable proteins at excitatory synapses [38] . In this study, NR1, NR2A, NR2B and PSD95 expression was increased in hippocampal neurons following 10 mW/cm 2 microwave radiation, in accordance with the increase in PSD thickness and elongation of the postsynaptic active zone. After microwave radiation, the decreased contents of Glu in the hippocampus induced the postsynaptic adaptive changes. The increase in PSD95 and NMDARs as the main components of PSD also accelerated the increase in PSD thickness and elongation of the active zone. Furthermore, it activated the NMDAR channels, increasing the concentration of Ca 2+ in the postsynaptic membrane [39] and causing neuronal injury through multisignal transduction pathways.
In PC12 cells, we found that NR2B mRNA increased, and there were decreases in the PSD95 mRNA level, the expression levels of NR2B, PSD95 and p-CaMKII, the coexpression of NR2B and PSD95, PSD95 and p-CaMKII, and the binding activity of CREB with DNA following 30 mW/cm 2 microwave radiation. On the one hand, the release of Glu decreased; subsequently, the combination of Glu with NMDARs decreased after microwave radiation, which inhibited the opening of the NMDAR channels and the phosphorylation of CaMKII. On the other hand, the decreased expression of and interactions between NR2B, PSD95 and p-CaMKII resulted in a cell excitement decrease, and the expression and DNA binding activity of CREB was inhibited, which further restrained the expression of nuclear genes such as PSD95 and NMDARs. However, the increase in NR2B mRNA might relate to another transcription factor. The decrease in cell excitement resulted in the injury of PC12 cells, including lesions of the mitochondria, rough endoplasmic reticulum and nucleus, and could inhibit the expression and activity of the NMDAR-PSD95-CaMKII pathway.
Vaynman et al. [40] reported that brain-derived neurotrophic factor mediates exercise-induced hippocampal plasticity by regulating the mRNA levels of two end products that are important for neural function, CREB and synapsin I. These have the ability to modify neuronal function by affecting gene transcription and synaptic transmission, respectively. A decrease in the binding activity of CREB and DNA in PC12 cells may inhibit the expression of synapsin I nuclear genes, as reflected by the decrease in synapsin I mRNA and protein following 30 mW/cm 2 microwave radiation [41] .
Synapsin I has multiple phosphorylation sites. These include site 1 (Ser 9 ) or the PKA/CaMKI/CaMKIV site localized in domain A, sites 2 and 3 correspond to Ser 566 and Ser 603 in domain D CaMKII, sites 4 and 5 (Ser 62/67 ) and sites 6 and 7 (Ser 551 /Ser 553 ), which are localized in domain B and phosphorylated by ERK/mitogen-activated protein kinase (MAPK). Sites 6 and 7 are also phosphorylated by cyclin-dependent protein kinases. Site 8 (Tyr 301 ) is localized in domain C and phosphorylated by Src, and site 9 is localized in domain E of synapsin Ia and phosphorylated by the ataxia-telangiectasia mutated kinase [42] . After 30 mW/cm 2 microwave radiation, the phosphorylation of synapsin I increased at Ser 62/67 and decreased at Ser 553 in PC12 cells. This may have been induced by the activation of ERK/MAPK and cyclin-dependent protein kinases, which further resulted in the decrease in amino acid release. However, this explanation needs further investigation. At the molecular level, NMDARs interact with signaling modules, which, like the MAPK superfamily, transduce excitatory signals across neurons. In addition, MAPK plays a crucial role in regulating the neurochemistry of NMDARs, their physiological and biochemical/biophysical properties, and their potential role in pathophysiology [43] . Therefore, the inhibition of NMDARs in PC12 cells following microwave radiation might lead to a decrease in the release of amino acids by regulating synapsin I phosphorylation at MAPK sites.
In conclusion, microwave radiation could result in abnormalities in the NMDAR-PSD95-CaMKII pathway, which may contribute to the inhibition of synaptic transmission by influencing synaptic structure, the expression and phosphorylation of synapsin I, and intervening in the release of neurotransmitters to other neurons.
